Introduction {#Sec1}
============

Malaria is one of the most deadly parasitic diseases with an estimated 216 million clinical cases and nearly 655,000 deaths in 2010 \[[@CR1]\]. Currently, 91 % of deaths happen in the southern of Africa, especially in children under the age of 5 years.

Malaria burden is caused by the *Plasmodium* parasite, transmitted through the bite of the infected female anopheline mosquitoes. The species able to infect humans are four: *P. falciparum*, *P. vivax*, *P. malariae*, and *P. ovale*. Among these, *P. falciparum* turns out to be the most lethal one and, together with *P. vivax*, accounts for more than 95 % of malaria cases in the world \[[@CR2]\]. Moreover, in South East Asia, some infections due to *P. knowlesi*, a malaria parasite of monkey, have also been reported in humans \[[@CR3]\].

In the last years, it has become evident that all classes of antimalarial drugs show resistance, such as the recently reported artemisinin \[[@CR4], [@CR5]\], limiting the efficacy of the applied therapy. Moreover, despite intense research efforts over the last two decades by big pharmaceutical industries and non profit organizations to develop a vaccine against malaria, to date it is not yet available. On the basis of these limitations, new targets for the design and development of antimalarial drugs are urgently needed \[[@CR6]\].

A promising strategy to develop new drugs for the treatment of malaria is to target proteases of malaria parasites which are involved in the processes of host erythrocyte rupture, erythrocyte invasion, and hemoglobin degradation.

Attention has been particularly focused on falcipain-2 (FP-2), a papain-family cysteine protease that, within *P. falciparum* food vacuole, plays a primary role in the host hemoglobin digestion \[[@CR7]\], that is essential for sustaining the metabolic needs of the parasite. Additionally, FP-2 is fundamental in the host membrane rupture required for the intracellular parasite release, being associated with the cleavage of erythrocyte membrane skeletal proteins, such as ankyrin and band 4.1 protein \[[@CR8]\]. Hence, FP-2 is considered a promising target for the discovery of novel antimalarial drugs \[[@CR9]\].

Many FP-2 inhibitors characterized by different structural features, i.e. peptides, peptidomimetics, isoquinolines, thiosemicarbazones, and chalcones, have been reported and proved to be capable to inactivate the enzyme in a reversible or irreversible manner \[[@CR9]\].

In particular, some compounds, presenting in their structure a peptidyl moiety connected to an electrophilic warhead able to covalently bind the enzyme, showed low nM affinity and an irreversible inhibition of the enzyme. Among them, vinyl sulfones and aziridines \[[@CR10]\] displayed a high potency, measured through the second-order rate constant of inhibition (*k* ~*2nd*~) that is in the range 10^5^--10^6^ M^−1^ min^−1^. Recently, we synthesized a new series of peptidomimetics, based on the 1,4-benzodiazepine (1,4-BDZ) scaffold connected to different warheads, that demonstrated an even better biological activity \[[@CR11]\]. Particularly interesting is the vinyl ester **1** that showed high affinity and potency (*K* ~*i*~ = 0.017 ± 0.004 μM, *k* ~*2nd*~ = 3.57 ± 0.40 × 10^6^ M^−1^ min^−1^) and resulted two times more potent than the reference compound carboxyoxiran **E-64** (*K* ~*i*~ = 0.29 ± 0.09 μM, *k* ~*2nd*~ = 1.70 ± 0.40 × 10^6^ M^−1^ min^−1^) \[[@CR7]\]. Compound **1** derived from several studies conducted modifying the general structure of typical FP-2 inhibitors, such as the vinyl sulfones, **E-64,** and the peptidyl aziridines inhibitors. Thus, **1** joins together a lipophilic aryl moiety able to increase the interaction with the enzyme P3 site, a central 1,4-BDZ moiety that limits the conformational freedom of the molecule, and a vinyl warhead able to covalently inhibit the enzyme (Scheme [1](#Sch1){ref-type="fig"}). Our structure--activity relationship (SAR) studies clarified that compound **1** represents the optimal structure able to block the enzyme \[[@CR11]--[@CR13]\]. Therefore, **1** has been identified as a new lead compound for the possible development of new antimalarial drugs.Scheme 1Chemical structures of **1** and **E-64**

A number of publications aiming to the prediction of the inhibition mechanism of cysteine--proteases, and structurally related enzymes, by means of computational approaches, have been published \[[@CR14]--[@CR18]\]. However, to the best of our knowledge, no theoretical studies have been conducted on FP-2. Thus, we decided to explore the mechanism of inhibition of compound **1** starting from the recently deposited crystal structure of FP-2 co-crystallized with **E-64** \[[@CR7]\] and taking into account that the α,β-unsaturated compounds act as irreversible inhibitors by means of a Michael reaction.

First, docking and molecular dynamics (MD) simulations were performed to obtain the protein/ligand complex. Then, a simplified molecular model, extracted from this system, was submitted to ONIOM hybrid calculation to investigate all the steps that characterize the inhibition mechanism operated by **1** by locating each predictable reaction intermediate and transition state, described in detail together with the related atomistic description.

Results and discussion {#Sec2}
======================

Systems setup by docking and MD simulations {#Sec3}
-------------------------------------------

From the X-ray structure of FP-2 co-crystallized with the covalent inhibitor **E-64** \[[@CR7]\], a model of the enzyme was developed. The binding mode of **E-64** was optimized by MD simulations. We noted that the cation-π interaction between the guanidine group of **E-64** and the phenol ring of Tyr78 was displaced by a H-bond with the backbone of Asn82. Moreover, the H-bond between the carboxylic group of **E-64** and Gln36 was replaced by three H-bonds with Cys42, Ser41 and His174 (Fig. [1](#Fig1){ref-type="fig"}a).Fig. 1Binding modes of **E-64** (**A**) and **1** (**B**) within the FP-2 catalytic site after MD simulations. Carbon atoms of the ligands are represented as *stick* and *colored in green* and *cyan*, respectively. The catalytic site of FP-2 is shown as *gray* surface and the hydrogen bonds are shown as *orange dashed lines*. The alignment of the electrophile within the known catalytic triad is also reported (**C**)

Then, using this optimized model of FP-2, deprived of **E-64**, docking calculations were performed to estimate the binding mode of compound **1**. The results put in evidence that the inhibitor fits completely the catalytic crevice of the enzyme and creates a H-bond network with various FP-2 residues (Fig. [1](#Fig1){ref-type="fig"}b) \[[@CR19]\].

In particular, the backbone of Gly83 and Ile85 behaved as a H-bond donor towards two carbonyl groups of **1**, while the side chain of Asp234 acted as a H-bond acceptor with a NH group. Moreover, several hydrophobic contacts further stabilized the FP-2/ligand complex, i.e. the accommodation of the aryl moiety in a cleft shaped by the side chains of Phe236, Ile85, Leu84, and Asn86.

The electron withdrawing group (EWG) attached to the vinyl moiety, created a H-bond with the side chain of Trp206. In our hypothesis, this residue, conserved also in the sequence of FP-3, creates a crucial contact for the correct orientation of the ligand into the catalytic site of FP-2.

The complex resulting from docking calculations was optimized through molecular mechanics methods implemented in the Amber9 package \[[@CR20]\] and, after a preliminary equilibration phase in which the conformation of the solvated complex was relaxed at 300 K, the geometrical stability was attained by 10 ns of MD simulations (Fig. [2](#Fig2){ref-type="fig"}). After this step, the binding mode of **1** resulted unchanged.Fig. 2RMSF of **1** during the last 3 ns of the MD simulations. The *dotted red line* shows the exponential trend line

Therefore, to the aim of this work, a simplified system, obtained from the minimized structure extracted from the MD last frame, was submitted to ONIOM calculations, described in the next sections.

Mechanistic considerations {#Sec4}
--------------------------

The enzyme inhibition mechanism operated by organic molecules can be theoretically described by hybrid methods. They have the advantage to take into consideration the effects of the solvent and the residues surrounding the catalytic site on the computation of the reaction mechanism.

Hybrid methods, such as the quantum mechanical/molecular mechanics (QM/MM) \[[@CR21]--[@CR29]\], are robust and accurate procedures but they are computationally expensive. On the other hand, valuable insights are also achievable from small and simplified models in which the side chains (or some atoms) of the catalytic triad of the enzymes are represented. For example, Paasche et al. \[[@CR14]\] and Mladenovic et al. \[[@CR18]\] studying thiol-containing enzymes, investigated the influence of the chemical structure of the inhibitors on the kinetic parameters of papain-like proteases adopting model systems containing a simplified structure of the inhibitors, ammonia and methanethiol \[[@CR14], [@CR18], [@CR30]\].

Recently, to rationalize the computer time requested by QM/MM approaches and to increase the details of the simulation systems, the ONIOM hybrid approach \[[@CR31]--[@CR33]\] (Gaussian09 package) \[[@CR34]\] has been applied to theoretically study enzyme catalysis \[[@CR15]\]. The calculations have been performed on simplified models of the complexes including the inhibitors warhead together with the amino acids shaping the catalytic site.

Hence, we built a model system (Fig. [3](#Fig3){ref-type="fig"}) including the catalytic residues \[[@CR35]\] Cys42, His174, Asn204, Trp206 together with the atoms contained in a sphere of 4Å centered on the ligand vinyl warhead. The structure of the ligand was truncated in proximity of the peptide bond internal to the 1,4-BDZ ring.Fig. 3Representation of the model system employed for the computation of the inhibition mechanism operated by the vinyl-ester **1**. The high layer of ONIOM is represented as *stick model* while the low layer is represented as *lines*. The represented *snapshot* shows the complex after the optimization step at B3LYP/6-31G(d)/AM1 level of theory

ONIOM calculations offered the possibility to consider as *High Layer* (HL) the atoms partecipating to the reaction while the remaining atoms were considered as *Low Layer* (LL). Density functional theory (DFT) at the B3LYP/6-31G(d) level \[[@CR36], [@CR37]\] was used in the energy optimization step for the HL while the LL was calculated at the AM1 level \[[@CR38]\]. Then, to obtain more accurate energy values, the system was submitted to single-point calculations in which the HL was treated at the M06/6-31++G(3df,2pd) \[[@CR39]\] level and the solvent effects were estimated through IEFPCM \[[@CR40]\] calculations in water.

Starting from the geometry obtained by the docking and MD approaches, the conformations of the various intermediates and their related TSs were manually built. The system was simulated without the interference of proton or solvent molecules. This is in agreement with the experimental FP-2 kinetic data showing that FP-2 was in a "cleaving" active state in a pH range from 4.5 to 8.5, with an optimal value of 7.5 \[[@CR35]\]. Additionally, the results obtained for the thiol-containing SARS-CoV protease, an enzyme belonging to the FP-2 family, are in line with our proposals \[[@CR14]\]. Furthermore, looking into our complex, the catalytic amino acidic triad (Cys42, His174, Asn204) appeared protected from the contact of the solvent by the presence of the bulky structure of the 1,4-BDZ substrate.

Several possible intermediates could be envisaged and located; in the low energy reaction pathway Cys42, deprotonated by His174, acted as a nucleophile capable to attack Cβ of the α,β-unsaturated compound to yield an enolate, as occurs in the classical Michael reaction. In our hypotheses, a rotation around the Cα--Cβ single bond allowed the enolate to assume a new conformation, able to be protonated at Cα thus giving the final Michael adduct (Scheme [2](#Sch2){ref-type="fig"}).Scheme 2Proposed mechanism for the addition of the Cys42-thiol to the α,β-unsaturated ester **1**. Atoms belonging to the enzyme are *colored black* and the residues are *labeled magenta*, the structure of the inhibitor is *colored blue*

Computations {#Sec5}
------------

The covalent inhibition started when the inhibitor entered the active site of the enzyme to form the complex FP-2/**1** in a geometry (**S**) in which the amino acids of the catalytic triad were perfectly aligned with His174 acting both as a H-bond donor and an acceptor toward Asn204 and Cys42, respectively. In addition, the side chain of Trp206 created a H-bond with the carbonyl group belonging to the ester function of **1** (Scheme [2](#Sch2){ref-type="fig"}; Fig. [4](#Fig4){ref-type="fig"}), increasing the electrophilicity of the ligand, as shown in Fig. [5](#Fig5){ref-type="fig"}.Fig. 4Reaction pathway calculated at the M06/6-31++G(3df,2pd): AM1-IEFPCM level for the covalent inhibition of FP-2 by the vinyl-ester (**1**). The relative energies are expressed as kcal/mol, the carbon atoms of **1** are *colored in green* while those of the enzyme are *gray*. Only the atoms involved in the reaction are shown for sake of clarity. The *black continuous line* highlights route B of Scheme [2](#Sch2){ref-type="fig"}, while the *cyan dotted line* shows route A Fig. 5Molecular Electrostatic Potential (MEP) surface of the ligand itself (*up*) and H-bonded to Trp206 (*down*) in solid and transparent representations. The MEP values in correspondence of Cβ are reported on the surfaces

Then, His174, working as a base, deprotonated the thiol group of Cys42 yielding the thiolate (Cys42^−^) and the histidinium (His174^+^) ions (intermediate **T**). His174^+^ was still joined to the carbonyl group of Asn204 by a H-bond (1.75 Å) and the carbonyl group of the ligand to the side chain of Trp206 (2.10 Å). Moreover, the H-bond between Cys42^−^ and His174^+^ is still maintained with reversed donor/acceptor roles (2.02 Å) with the sulfur atom of Cys42^−^ also accepting a H-bond from the backbone NH of Ala175 (2.63 Å); conversely, this sulfur atom is far from Cβ of **1** (4.46 Å).

This step did not lead to a remarkable change in the relative energy of the system (ΔE = 2.6 kcal/mol) and, from a mechanistic point of view, **T** could be obtained from **S** by a hydrogen transfer taking place over an energy barrier of 5.3 kcal/mol (**TS1**). In the saddle point, the movable hydrogen was closer to the basic nitrogen belonging to the imidazole ring of His174 (1.28 Å) than the sulfur atom of Cys42 (1.69 Å).

From **T**, the sulfur anion of Cys42^−^ could react with Cβ of the α,β-unsaturated ester (**1**), via an energy barrier of 5.7 kcal/mol (**TS2**), to yield the enolate **EA**. In this energetic costly step, Cys42^−^ worked as a soft nucleophile capable of attacking the positively polarized β-carbon of **1**. During the sulfur attack, a concerted movement of His174^+^, that rotated one of its NH away from the sulfur atom towards the ligand carbonyl oxygen with formation of a new H-bond, favored a further impoverishment of the electron density at Cβ.

Then, **EA** could be reversibly converted into enol **E** (route A on Scheme [2](#Sch2){ref-type="fig"}) or, alternatively, could assume, through a rotation around the Cα--Cβ single bond, a new conformation, **EB**, characterized by a different H-bond network (route B on Scheme [2](#Sch2){ref-type="fig"}). Actually, whereas **EA** maintained the almost planar arrangement characteristic of the parent α,β-unsaturated system (τ~Cγ--Cβ--Cα--C(O)~ = 174°), in **EB** the same torsional angle τ assumed a value of −118°. Moreover, in **EB** His174^+^ had moved its NH away from the (former) carbonyl oxygen and established a new H-bond with the partially negative Cα atom of the ligand characterized by a distance of 1.81 Å (3.25 Å in **EA**). The other H-bonds were maintained, i.e. that of the carbonyl oxygen with the side chain of Trp206 and that of His174^+^ with Asn204. Both the higher stability of **EB** (ΔE = −1.2 kcal/mol) and the low energy barrier of 1.5 kcal/mol (**TS4**) between **EA** and **EB** ensured their easy interconversion. Conversely, the energy of **E** was higher than **EA** (ΔE = 1.5 kcal/mol) and the energy barrier was 2.0 kcal/mol (**TS3**). It is worthy to note that only **EB** could be converted into the final adduct **K** whereas **E** had to go back to the enolates prior to be converted into its keto-tautomeric form, actually corresponding to the final adduct **K**. So, route A was not only energetically disfavored but it led to a structure (**E)** not directly linked to the final adduct.

In the final step **EB** was converted into the final product **K** over the very low energy barrier **TS5** (0.2 kcal/mol). The transition state, governing the chemical switch, required a shift of the hydrogen atom from the imidazole ring of His174^+^ to the Cα atom of **1**. The relative energy of **TS5**, very close to that of **EB**, made this shift straightaway when **EB** was obtained from **EA**. The overall process was exoergonic as the final Michael adduct **K** resulted 17.3 kcal/mol lower in energy than the starting complex **S**.

Experimental section {#Sec6}
====================

Docking and MD {#Sec7}
--------------

The structure of FP-2, retrieved from the Protein Data Bank (code 3BPF), was geometrically refined following the molecular modeling standard procedures: minimization, equilibration and molecular dynamics simulation, previously optimized by us \[[@CR41], [@CR42]\]. Ligands were built by Sybyl 8.0 \[[@CR43]\] and preliminarily minimized by Gaussian09 \[[@CR34]\] at the DFT/B3LYP/6-31G(d) level. Docking calculations were then performed with the GOLD 5.0 program \[[@CR44]\] into the binding cleft depicted by the presence of **E-64**. The cavity was detected with an active site radius of 20.0 Å from the side chain sulfur atom of residue Cys42. The side chain of Trp206 was imposed movable during the docking calculation. The goldscore fitness function and the distribution of torsional angles were chosen to evaluate the quality of the docking results. Van der Waals and hydrogen bonding radii were set at 4.0 and 3.0 Å, respectively; genetic algorithm parameters were kept at the default value. The complex formed by FP-2 and the highest scored docking solution was submitted to molecular dynamics (MD) simulations with the SANDER module of the AMBER9 package \[[@CR20]\]. The ff03 and GAFF force fields were applied for the protein and the ligand, respectively. The complex was immersed in a box containing about 1,000 water molecules and the TIP3P model \[[@CR45]\] was employed to explicitly represent the solvent. Na^+^ counterions were added to maintain neutrality of the system. At first, the energy of the water molecules was minimized, keeping the atoms of the enzyme frozen. Then, a minimization of the whole system was performed by setting a convergence criterion on the gradient of 10^−4^ kcal mol^−1^ Å^−1^. Prior to starting the MD simulations, the system was equilibrated for 40 ps at 300 K in isocore conditions (NVT). Subsequently, 10 ns of MD simulations in isothermal-isobaric ensemble were carried out at 300 K with a 2 fs time-step (NPT). In the production runs, the system was performed in periodic boundary conditions. Van der Waals and short-range electrostatic interactions were estimated within a 8 Å cutoff. SHAKE algorithm was applied to all bonds involving hydrogen atoms. When the geometrical stabilization of the complex was reached, a new minimization of the whole system was performed. On this snapshot was applied the subsequent ONIOM calculations.

ONIOM calculations {#Sec8}
------------------

We extracted a simple model system from the FP-2/**1** complex, including the triad catalytic residues Cys42, His174, Asn204 and Trp206 together with the atoms contained in a sphere of 4 Å centred on the ligand. No water molecules near the binding site, involved in H-bonding interactions with the ligand or the pocket, were observed. The stereochemistry of the covalent adduct had been chosen taking into account the structure--activity relationships reported in literature \[[@CR11]\].

All the calculations were carried out using the Gaussian09 program package \[[@CR34]\]. To rationalize the computational time, we have resorted to the ONIOM hybrid method \[[@CR31]--[@CR33]\] in the geometry optimization. Density functional theory (DFT) with the B3LYP \[[@CR36], [@CR37]\] functional and the 6-31G(d) basis set was used in all geometry optimizations. The low layer, kept fixed, was treated with the semiempirical method AM1 \[[@CR38]\]. The high layer contained the atoms belonging to the ligand and the complete structures of Cys42, His174, Asn204, and Trp206, and the low layer enclosed the surrounding atoms of the catalytic site. Hydrogen atoms were used as link atoms at the truncated bonds. Vibrational frequencies were computed at the same level of theory to define the optimized structures as minima or transition states, which present an imaginary frequency corresponding to the forming bonds.

The stationary points' final energies were recalculated through single point calculations at the M06/6-31++G(3df,2pd)/AM1 level \[[@CR39]\]. The solvent effects were considered at the same level as above, on the gas-phase optimized geometries, using a self-consistent reaction field (SCRF) method, based on the Integral-Equation-Formalism Polarizable Continuum Model (IEFPCM) \[[@CR40]\].

Figures were acquired by the PyMOL software (The PyMOL Molecular Graphics System, Version 0.99).

Conclusions {#Sec9}
===========

In this effort, by means of computational studies, we highlighted the FP-2 inhibition mechanism operated by the potent α,β-unsaturated 1,4-BDZ methyl ester **1**. We applied a classical docking/MD protocol to build the ligand/enzyme complex and then the ONIOM module to acquire the atomic details and the energy values of the different intermediates leading to the final Michael adduct.

The reaction between the enzyme and the inhibitor starts with the deprotonation of the thiol group of Cys42 by the side chain of His174. Then, the thiolate, acting as a nucleophile, attacks Cβ of the α,β-unsaturated compound giving the enolate A (**EA**). A rotation around the Cα--Cβ single bond of the ligand, allows **EA** to assume a new conformation (enolate B, **EB**), able to be protonated at Cα giving the final Michael adduct (**K**). Compound **1** proceeds to the formation of **K** overcoming the rate-limiting energy barrier (**TS2**) and passing through several intermediates with decreasing energy values.

Our results highlight that, in addition to the known catalytic triad, Trp206 plays a fundamental role in the anchoring of the ligand warhead, as well as in triggering the inhibition process of the enzyme. In fact, Trp206 firstly increases the Cβ electrophilicity of the ligand assisting the sulphur attack and then stabilizes the enolate intermediates.

These results shed light on the inhibition mechanism operated by this interesting α,β-unsaturated system, supporting the design of novel compounds inhibiting the FP-2 enzyme, a molecular target of high impact in the medicinal chemistry research.
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